Introduction
Until the end of the last millennium it appeared that the different mechanisms by which cells of multi-cellular organisms communicate with each other have been identified. This includes secretion of molecules followed by receptor-mediated signal transduction in target cells as well as direct communication of closely associated cells via gap junctions. During the last few years, however, new principles of intercellular communication have come into the limelight. One is the secretion of small vesicles, so-called exosomes, which contain instructive molecules and are thought to enter surrounding cells (Fevrier and Raposo, 2004) . Another is the formation of thin membranous bridges, termed tunneling nanotubes (TNTs), which connect cells over long distances and transfer various cellular components from cell to cell (Rustom et al., 2004) . In this review we will focus on TNTs as the underlying structure of an emerging new mechanism of cell-to-cell communication and will summarize recent data with relevance to developmental processes in neurons and other cell types.
2.
Structure and formation of TNTs
TNTs were first described in 2004 as a new type of cellto-cell connection between rat pheochromocytoma (PC12) cells, a frequently used neuronal cell model (Rustom et al., 2004) . These nano-scaled membranous tubes of about 50-200 nm in diameter and up to several cell diameters long contained F-actin but no microtubules. As a distinguishable criterion from other protrusive cell structures TNTs had no contact to the substrate but were hovering freely in the medium. Subsequent studies showed that TNT-like structures were present in cultures of different cell types including fibroblasts, epithelial cells, immune cells, and neurons Gerdes and Carvalho, 2008) . The structures varied to some degree in diameter, giving rise to terms like ''thin'' and ''thick'' nanotubes (Onfelt et al., 2006) , and sometimes contain microtubules in addition to F-actin. Live cell imaging showed that TNTs are transient structures, lasting for minutes to several hours, and form de novo by two different mechanisms. According to the first suggestion, cells protrude a filopodium, which makes contact to the neighboring cells, and subsequently converts into a TNT bridge. This mechanism prevails in PC12 cells and primary neurons (Rustom et al., 2004; . A selective block of TNT formation in the presence of the F-actin-depolymerizing drug cytochalasin B further proved the precursor role of filopodia in TNT formation (Bukoreshtliev et al., 2009) . A more detailed investigation by Ohno and colleagues in HeLa cells revealed that TNT formation from filopodia is mediated through the Ral-exocyst pathway (Hase et al., 2009 ). According to the second mechanism, cells form TNTs by retaining a thin thread of membrane upon dislodgement. This mechanism is found in most cell types studied so far such as T cells, normal rat kidney (NRK) and neural crest cells (NCCs) Wang et al., 2010) .
3.
Functions of TNTs
Intercellular transfer of cellular components
As mentioned above the first insights into the function of TNTs were obtained using PC12 cells co-cultures of donor and acceptor cell populations. We showed that TNTs accomplish the intercellular transfer of diverse cellular components: cytoplasmic molecules such as EGFP-actin, organelles/vesicles of endocytic origin and plasma membrane molecules such as farnesylated-EGFP (Rustom et al., 2004) . Since then a growing number of cells have been demonstrated to utilize TNTs for the exchange of cellular cargos, including significant molecules such as the MHC I in the case of immune cells (Onfelt et al., 2004) and calcium ions in immune and other cell types (Watkins and Salter, 2005; Wittig et al., 2012) . Using similar approaches it was shown that mitochondria could be exchanged between cells via TNTs (Abounit and Zurzolo, 2012; Davis and Sowinski, 2008; Gerdes and Carvalho, 2008) . Moreover, pathogens such as the human immunodeficiency virus (HIV) and prions were found to exploit TNT-like structures when spreading between cells (Gousset et al., 2009; Sowinski et al., 2008) .
Analysis of the translocation of endocytic vesicles through TNTs of PC12 or NRK cells revealed that the vesicles moved in one direction only with a speed in the range of actin-dependent transport (Gurke et al., 2008; Rustom et al., 2004) . This was consistent with the finding that TNTs connecting these cell types contained only F-actin and no microtubules, and that myosin Va was detected in these structures (Rustom et al., 2004) . In support of an active transport mechanism, we found that depletion of ATP strongly reduced the intercellular transfer of endocytic vesicles (Gurke et al., 2008) . Based on these data we proposed an actomyosin-dependent transport mechanism for endocytic vesicles through TNTs.
Electrical coupling
Besides molecular signals exchanged between cells via TNTs, our study on NRK cells revealed that TNTs enable intercellular transfer of depolarization signals for distances of up to at least 70 lm (Wang et al., 2010) . The coupling was bidirectional and its strength depended on the length and number of TNT-connections. Importantly, our data suggested that only TNTs with interposed connexin 43 (Cx43) as the main gap junction forming connexin participated in electrical coupling (Wang et al., 2010) . Subsequent studies on different cell types demonstrated that TNT-dependent electrical coupling is a general characteristic of animal cells with functional gap junctions . In search of physiological changes induced by this long-distance coupling, we found that the TNT-mediated depolarization can elicit transient calcium signals in connected HEK293 cells through activation of low-voltage calcium channels (Wang et al., 2010) .
Inspired by the pioneering studies on the importance of electrical signaling in embryogenesis (Levin, 2012) , we investigated the possibility of a TNT-dependent electrical coupling between neural crest cells (NCCs) from quail embryos. When these cells migrate out of neural tube explants in a sheet-like pattern, they dislodge from one another at the migratory front but remain connected to the cells behind by de novo formed TNT bridges (Fig. 1A) . Using mechanical stimulation in combination with a membrane potential sensitive fluorescent probe bis-(1,3-dibutylbarbituric acid) trimethine oxonol (DiBAC 4 (3)), we found that 20% of TNT-connected NCCs were electrically coupled, implicating that electrical signals may transfer between migrating cells during embryogenesis (Wang et al., 2010) . The low degree of coupling between NCCs agreed with our finding that only a subpopulation of NCCs was positive for Cx43 (Wang et al., 2010) . Therefore, this electrically coupled subgroup may reflect NCCs, which differentiated into a connexin 43-expressing lineage.
To further explore TNT-dependent electrical coupling during neuronal development, we embarked on studies using cocultures of immature neurons and astrocytes, between which extensive communication has been documented (Allaman et al., 2011) . Differential interference contrast (DIC) imaging showed that hippocampal neurons harvested from E18 rats generated short protrusions towards astrocytes resulting in TNT formation . These transient structures displayed an average lifetime of 15 min and contained microtubules but not always F-actin. We found that about one third of TNT-connected neuron-astrocyte cell pairs were electrically coupled within the first 5 h of co-culture ( Fig. 2A) . This coupling, however, disappeared after 24 h and was paralleled by a decrease in Cx43 expression (Fig. 2B) . The data suggest that immature neurons can control the electrical communication with astrocytes by regulating the level of Cx43 during differentiation. Besides the transfer of depolarization signals from astrocytes to neurons, we also detected simultaneous calcium signals in some immature neurons when the TNTconnected astrocyte was mechanically stimulated . The fact, that some TNT-coupled neurons did not elicit a calcium signal despite the strongly increased calcium level of the stimulated astrocyte argued against a simple diffusion model of calcium through the TNTs. It rather suggested, in analogy to our data on HEK293 cells, that the influx of calcium into immature neurons occurred through activated low-voltage calcium channels. In support of this, special L-type calcium channels with low activation potential have been found in hippocampal neurons of E18 embryos (Kavalali and Plummer, 1996) . Taken together, our studies on cultured neurons suggest that TNTs can be implicated in long-range electrical and calcium signaling during developmental processes.
TNT-like structures in vivo
Despite substantial progress with regard to the understanding of TNT formation between cells in culture, and their function, a critical question raised has been whether or not these structures actually exist in vivo. Recently this issue was addressed by imaging of whole mount tissues (Table 1) . (Chinnery et al., 2008) reported on TNT-like structures (<0.8 lm in diameter) that connect bone marrow-derived MHC class II + cells in the corneal stroma of GFP chimeric mice. Further evidence for the existence of these delicate structures in vivo was obtained by imaging of embryonic tissues. This led to the observation of long and thin (0.2-0.4 lm) filopodia that connected mural trophectoderm with the inner cell mass of mouse blastocysts early in development (Salas-Vidal and Lomeli, 2004) . Similarly, (Caneparo et al., 2011) observed in mosaic zebrafish embryos, expressing a fluorescent membrane protein, that long intercellular bridges formed between epiblast cells during the early stage of gastrulation. Furthermore, upon neural tube closure in mice embryos, numerous long cell extensions growing from individual non-neural ectoderm cells on opposing sides of the folds were seen to form bridges over the physical gap in the midbrain region (Pyrgaki et al., 2010) . In chick embryos, migrating streams of cranial NCCs formed filopodial extensions resulting in TNT-like connections with their neighbors (Teddy and Kulesa, 2004) . Last but not least, in a study performed using Nomarski imaging more than fifteen years ago, (Miller et al., 1995) described long and thin filopodia (0.2-0.4 lm in diameter) extending from mesenchyme cells to the wall of the ectoderm during sea urchin gastrulation. These examples illustrate that TNT-like structures are frequently visible during developmental processes in embryogenic tissues of vertebrates and invertebrates. Another observation in the foregoing in vivo studies was that TNT-like structures were always accompanied by long filopodial protrusions, which had no obvious connections to other cells (Caneparo et al., 2011; Chinnery et al., 2008; Miller et al., 1995; Pyrgaki et al., 2010; Salas-Vidal and Lomeli, 2004; Teddy and Kulesa, 2004) . These protrusions could be precursors of TNT-like connections as demonstrated for TNTs in cell cultures (Fig. 1B) . Long filopodial protrusions termed cytonemes have also been proposed as a novel means of cell communication during Drosophila wing disc development (Ramirez-Weber and Kornberg, 1999). These F-actin-rich structures, with a similar diameter as TNTs, project from distant cells towards the signaling center of the disc. This raises the possibility that they actively participate in efficiently recruiting morphogen ligands to target cells, which was supported by a recent finding that cytonemes are selectively decorated with ligand receptors (Hsiung et al., 2005; Roy et al., 2011) . Cytonemes were also found in the ovarian stem cell niche of Drosophila, where they protruded from niche support cells. These structures were decorated with Hedgehog giving rise to the idea that they mediate spreading of signals from producing cells. Hence, cytonemes may function as conduits for signaling molecules in two ways: emitted from receiving cells they may help in the efficient uptake of signals, and projecting from producing cells they could be involved in focused and efficient delivery to target cells (Rojas-Rios et al., 2012) . Whether cytonemes in general, or a subtype of them, can make physical contact with other cells and thereby evolve into TNT-like structures remains to be seen. 
5.
Activities and potential implications of TNT-like structures in vivo 5.1.
Intercellular transfer of cellular components
The presence of TNT-like structures in various tissues of adult and in particular developing organisms raises the question as to which kind of signals they transfer between cells and which roles these delicate structures might play in a physiological context. Recent functional insight into TNTs obtained from in vitro cultures has provided the first clues and has directed studies regarding this in developing organisms. In this respect, one remarkable function of TNTs connecting cultured cells is the aforementioned transfer of membrane proteins and/or vesicles (Rustom et al., 2004) . Strikingly, similar activities were subsequently observed in developing tissues (Fig. 3A) . In zebrafish embryos for example, TNT-like structures connecting epiblast cells were observed to actively transfer membrane proteins with a speed of 3.4 lm/min between distant cells (Caneparo et al., 2011) . In another example, a bi-directional, active cytoplasmic transfer between NCC neighbors through ''thin cellular bridges'' was observed in living chick embryos (McKinney et al., 2011) . Since this exchange preceded the re-orientation of cells to the direction of migration, the authors speculated that NCCs might communicate positional information through the active exchange of material. In addition, small punctate structures, reminiscent of vesicles transported in TNTs between cultured cells, were seen along the fine cellular bridges between the closing folds during mammalian neural tube closure (Pyrgaki et al., 2010; Salas-Vidal and Lomeli, 2004) . Future studies are needed to determine the dynamics and the nature of these structures as well as the type of information they may transfer across the physical gap. With respect to the entry of these vesicular structures into the TNT connected cell, several models including transient fusion of the TNT with the target cell have been proposed . This raises the question, by which mechanism the transfer is accomplished during developmental processes.
5.2.
Electrical coupling
Our data demonstrate that cultured mammalian cells from adult and embryonic stages can be electrically coupled via TNTs interposed with gap junctions (Fig. 3B) . In addition, nanotubes facilitating membrane continuity may also contribute to this coupling. The remoteness of coupling via TNTs concurs with in vivo studies showing that bioelectrical signals can exert influence far beyond the local microenvironment (Levin, Miller et al. (1995) 2009). However, the contribution of TNTs to these long-range effects is difficult to address experimentally, since connexins appear to be essential for both TNT-dependent and classical gap junction-dependent electrical coupling. Furthermore, a specific inhibitor of TNT formation applicable in tissue is not yet available. Still, a reasonable assumption for potential physiological roles is that this coupling affects downstream pathways in distant cells, e.g. via voltage-sensitive ion channels or plasma membrane-associated enzymes, leading to production of diverse chemical signals . The physiological role of TNT-dependent electrical coupling could be the synchronization and coordination of the migratory activity of cells such as NCCs within the expended tissues during embryogenesis. A prime candidate to convey such an effect is calcium, which is known to regulate proliferation, migration and differentiation in neurons (Spitzer, 2006) . Therefore, we speculate that the TNT-dependent induction of calcium signals in immature neurons could initiate directional movement of these neurons. This view is in agreement with a study, which showed that the migration of interneurons was controlled by calcium influx through activation of voltagesensitive calcium channels regulated by the potassium/chloride exchanger (Bortone and Polleux, 2009 ). In addition, TNTlike membrane extensions may also propagate depolarization signals to synchronize actin remodeling, which is important for cell migration. This view is supported by data showing that membrane depolarization of bovine corneal endothelial cells occurs at the leading edge of the wound and reorganizes the peripheral actin during wound healing (Chifflet et al., 2005) . Furthermore, different levels of TNT communication may exist in parallel, such as the co-transfer of depolarization and vesicles through the same TNT . Altogether, this may provide a fast and selective information highway for the coordination of cell migration.
Mechanotransduction
Besides the delivery of molecular and electrical signals, TNT-like structures may also accomplish mechanotransduction. This is reasoned from the possibility that upon movement of one cell of a TNT-connected pair, a mechanical stimulus may be transferred to the other cell. The pulling force could affect mechanically gated ion channels at the plasma membrane (Orr et al., 2006) to produce local ion fluctuation such as calcium sparks, which have been shown to direct cell migration (Wei et al., 2009) . A similar process may take place in the midbrain of the mouse embryo, where non-neural ectoderm cells on opposing sides of the fold form long intercellular bridges (Pyrgaki et al., 2010) , and in zebrafish embryos, where daughters of a dividing cell keep a membrane tether as they migrate after mitosis at pre-gastrula stages (Caneparo et al., 2011) . It is therefore conceivable that these TNT-like bridges induce calcium sparks close to their cellular contact points, which may feedback on their migratory activity (Fig. 3C ).
Future implications
Recent work has shown that embryos are good model systems for studying TNT-like structures. The combination of advanced imaging techniques and transgenic embryos expressing fluorescent markers has enabled one to monitor these membrane bridges in vivo during various developmental processes. The next step will be to unravel the functional roles of TNT-like structures in these processes. Here, a selective interference with their formation in vivo would be a powerful approach and could be developed in more simple in vitro cell cultures. This will show if, and which, TNT-like structures play a role in e.g. the coordination of cell movement, cell differentiation and proliferation. Evidently, the existence of these structures in vivo suggests that cells can communicate with each other directly and selectively over long distances in tissue. This form of communication may involve molecular, electrical and mechanical signals and may function in parallel to secretion-dependent morphogen gradients.
